The present study reports the development and characterization of a murine model of right ventricular dysfunction following graded constriction in the pulmonary artery via microsurgical approaches. To analyze in vivo ventricular function, a technique of x-ray contrast microangiography was developed to allow the quantitative analysis of ventricular volumes and of ejection fraction in normal and pressure-overloaded right ventricle. Severe, chronic pulmonary arterial banding for 14 days resulted in right ventricular dilatation and dysfunction, associated with right atrial enlargement, and angiographic evidence of tricuspid regurgitation. These effects were dependent on the extent of hemodynamic overload, since more moderate pulmonary arterial constriction resulted in hypertrophy with maintenance of right ventricular function. With severe pulmonary artery constriction, the murine right ventricle displays a failing heart phenotype including chamber dilation with reduced function that resembles right ventricular dysfunction in man during chronic pulmonary arterial hypertension. Northern and immunoblot analyses demonstrate a marked down-regulation of phospholamban mRNA and its corresponding protein with both levels of constriction, while a less pronounced but significant depression of sarcoplasmic reticulum Ca2+-ATPase protein was observed with severe overload, suggesting that this pattern is an early genetic marker of ventricular dysfunction. By coupling mouse genetics with this murine model and the ability to assess cardiac function in vivo, one should be able to test the role of the down-regulation of phospholamban and other defred alterations in the cardiac muscle gene program in the onset of the failing heart phenotype.
Cardiac muscle failure is one of the most important problems in cardiovascular medicine. Although the physiology of the failing heart has been the subject of intense scientific inquiry, relatively little is known regarding the signaling pathways within cardiac muscle cells which mediate the progression from compensatory hypertrophy to cardiac muscle dysfunction. Although ventricular chamber dilation with reduced myocardial shortening and contractile velocity (1) , as well as abnormal Ca2+ handling, appear to be hallmarks of the end-stage failing human heart (2), the molecular pathways which lead to these distinct phenotypes are unclear. One of the difficulties has been the paucity of animal model systems for analysis of the effects of the manipulation of a set of genes on cardiac function in the intact animal.
Utilizing recent advances in microsurgical approaches to create a graded constriction in the pulmonary artery (PA), we have developed and characterized a murine model of right ventricle (RV) hypertrophy and failure. In addition, a technique for digitized microangiography was developed to allow the quantitative analysis of in vivo cardiac function, ventricular volumes, and ejection fraction in normal and pressureoverloaded murine myocardium. Severe, chronic pulmonary arterial banding for 14 days resulted in a reproducible dysfunction of the RV chamber, associated with dilation of the ventricular chamber, enlargement of the right atrium (RA), and angiographic evidence of tricuspid regurgitation. These effects were dependent on the extent of hemodynamic overload, since more moderate pulmonary arterial constriction resulted in hypertrophy with maintenance of RV function. Northern and immunoblot analyses indicate that the marked down-regulation of phospholamban mRNA and its corresponding protein at both levels of constriction, with a small but significant depression in sarcoplasmic reticulum (SR) Ca2+-ATPase protein only with severe overload, provides an early genetic marker of ventricular dysfunction.
METHODS
Microsurgical Techniques. Adult mice (C57BL/6, Simonsen Laboratories, Gilroy, CA) were anesthetized with a mixture of ketamine (100 mg/kg, i.p.), xylazine (5 mg/kg, i.p.), and morphine (2.5 mg/kg, i.p.). Under a dissecting microscope mice were intubated and connected to a rodent ventilator (3, 4) and the chest was entered through the third intercostal space. The pericardium was opened, the PA was isolated, and a suture ligature placed around the vessel. The suture was tied against either a 25-gauge needle (moderate stenosis) or 26-gauge needle (severe stenosis) which was then rapidly removed. After PA banding the chest was closed, the pneumothorax was evacuated, and the mouse was extubated and allowed to recover from anesthesia. Sham-operated animals underwent the same surgical procedure except for PA constriction.
After 14 days of PA banding, the mice were anesthetized as previously and experiments were terminated with an overdose of pentobarbital (150 mg/kg, i.p.). Hearts were excised and the atria, RV free wall, septum, and left ventricle (LV) were carefully dissected under the dissecting microscope and weighed separately. Both atrial and ventricular tissues were frozen separately in liquid nitrogen for mRNA and protein extraction. Dry chamber weights were determined from dissected atrial and ventricular tissue set aside to air dry.
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The overall mortality rates, including surgical and postoperative deaths following recovery from anesthesia, were 20%o and 40%o for the two groups.
Myocyte Size. Hearts studied for cell size (sham, n = 5; banded, n = 12) were fixed by perfusion with 4% paraformaldehyde after diastolic arrest (4) . Sections (1 mm) from the midwall region of the RV were selected for cell area determination; if cell cross sections were close to circular, there was a visible nucleus and unbroken cellular membrane with absence of tissue edema. Cell areas were measured by manually tracing the cell outline on an imaging system and were made by an observer blinded to the origin of samples. Approximately 150 cells per heart were counted.
Digital Contrast Microangiography. Fourteen days after surgery, mice were anesthetized and placed on a rodent ventilator. If necessary the heart rate was slowed to 180-200 beats per minute by using' the specific sinus-node inhibitor ULFS-49, known to only affect heart rate and to have no direct negative inotropic effect (5) . Angiographic images were acquired on 3/4-inch videotape under constant fluoroscopy (General Electric Fluoricon 300, 4.5-inch field; 1 inch = 2.54 cm) following injection of 120 A.l of nonionic contrast into the jugular vein over a period of 1-2 sec in 300 right anterior oblique and 600 left anterior oblique projections. X-ray images were digitized at 30 frames per second with a resolution matrix of 512 x 512 pixels with 256 shades of gray, using a time base corrector and a Gould De Anza video processing system interfaced to a VAX 11/750 computer system. Firstpass RV and levophase LV video-density curves were generated by using field-by-field subtraction of RV and LV regions of interest from the corresponding background region of interest; images were interlaced to provide a temporal resolution equivalent to 60 frames per second. Ejection fraction (EF) values were calculated from the maximal (enddiastole) and minimal (end-systole) values of each beat, excluding the first beat since the RV chamber was not completely filled. At least two and, if available, three beats were averaged providing that the range of EF for each beat did not exceed lo0. By these criteria 50o of sham (10/20), 50% of PA-banded 25-gauge (9/18), and 86% of PA-banded 26-gauge (12/14) groups were suitable for angiographic analysis.
Biventricular and LV end-diastolic volumes were obtained from traced biplane images using the area-length method after grid correction for magnification. RV end-diastolic volume was calculated by subtracting the LV end-diastolic volume and calculated septal volume (weight/1.05) from the biventricular end-diastolic volume.
Northern Blot Analysis. Total RNA was isolated from three or four pooled chambers by a modification of the acid guanidinium thiocyanate technique (RNAzol; Cinna/Biotecx Laboratories, Houston, TX). RNA (10 pg) was sizefractionated by denaturing gel electrophoresis, transferred to nylon membranes by capillary action, and hybridized with appropriate cDNA probes (3, 4) . Quantitative evaluation of autoradiograms was performed by laser densitometry of bands; band intensities were normalized to the hybridization signal obtained with the 28S rRNA (LKB UltroScan Laser Densitometer; Pharmacia). Exposure times were chosen to obtain densitometric scans within the linear response range of the radiographic film. cDNA probes were specific for mRNAs encoding rat atriopeptin (atrial natriuretic factor, ANF; full-length, 658 nt of coding region), rat myosin light chain 2 (MLC-2; full-length, 640 nt of coding region), rabbit cardiac SR Ca2+-ATPase (657 nt of 5' coding region), rabbit cardiac phospholamban (507 nt of 5' coding region), or mouse 28S rRNA (full-length, 5000 nt of coding region).
Immunoblot Analysis. Thirty to 50 mg of mouse RV tissue was homogenized in 300 pI of 10 mM NaHCO3 buffer at 40C, 600 1A of 20% SDS was added, and the homogenate was centrifuged at room temperature at 12,000 x g for 10 min. Protein concentration in the supernatant of the SDS extract was determined by the method of Lowry et al. (6) . Fifty to 100
,ug of protein from each sample was electrophoresed in an SDS/8% polyacrylamide gel and transferred electrophoretically to 0.2-ptm-pore-size nitrocellulose membranes (7, 8) .
Blots were incubated with a 1:500 dilution of monoclonal antibody 2A7-A1 (generated to the cardiac isoform of the canine SR Ca2+ pump), 1:500 dilution of phospholamban monoclonal antibody 2D12 (generated to phospholamban peptide 2-25) (7), or polyclonal rabbit antibodies to canine cardiac calsequestrin (8) , then labeled for counting of radioactivity as described (8) . Protein extracts from each sample were run in multiple gels to confirm reproducibility ofresults. Statistical Analysis. Variables measured are expressed as mean ± SD. Statistical significance of differences in mean values of physiological parameters from sham-operated and PA-banded animals was assessed by Student's t test. Oneway ANOVA with Scheffd's F test was used to examine the effect of PA banding on changes in the various mRNA and protein levels (sham vs. moderate PA banding vs. severe PA banding); P < 0.05 was considered significant.
RESULTS AND DISCUSSION
Development of a Murine Model of RV Dysfunction During Chronic PA Banding. Although chronic banding of the mouse transverse thoracic aorta can lead to concentric LV hypertrophy, these mice do not progress to cardiac muscle failure after long-term pressure overload (3 months), most likely because this results in only a moderate hemodynamic burden on the LV. Several other investigators have used a model of PA constriction in other species to study the effects of hemodynamic overload on RV function and have also shown markedly decreased contractile performance in isolated papillary muscles (9) and in the intact ventricle of failing hearts (10) . Accordingly, we developed a model of murine RV overload through PA banding via modification of previously described microsurgical approaches for in vivo cardiovascular surgery in mice.
Moderate chronic pressure overload on the right heart for 14 days resulted in significant increase in wall thickness of the RA and RV chambers (data not shown Fig.   1 . We used an area-length subtraction method to determine RV end-diastolic volumes. This method for determination of RV volumes by subtraction ofLV and septal volume from the biventricular volume avoids assumptions of RV geometry, which varies with the hemodynamic load. However, the small size of the RV in systole precluded use of the arealength method to determine the EF. Since no other method of determining in vivo EF exists for the mouse, we have validated the densitometric method in the rat with direct balloon studies of the LV, using the area-length method for comparison and showing good agreement with the densitometric method (11) .
Other investigators have estimated the cardiac output and stroke volume in conscious and anesthetized mice by using microspheres and indicator dilution techniques (12 iologic consequences of severe chronic pressure overload on the RV were quite different from the response to a moderate load. Whereas a similar degree of hypertrophy indicated by RV weight was induced in both groups ( Fig. 2A) , severe overload resulted in significant RV dilation and depression of RV function as shown by the increase in RV end-diastolic volume and fall in RV EF (Fig. 2 B and C) . Therefore a moderate pressure load stimulus induced a physiologic response characterized by compensatory concentric hypertrQphy without significant increase in mean chamber size. In contrast, failure of adequate compensatory mechanisms prevailed in response to a more profound hemodynami'c burden and resulted in RV chamber dilation and decompensated RV function with reduced EF in the severe PA stenosis group.
Since it was not technically possible to reliably measure PA pressure in these animals the exact loading conditions at the time of ventriculography could not be determined. It is therefore possible that the deterioration in ventricular function observed in the severe stenosis group was related, at least in part, to higher afterload rather than to a primary abnormality in myocardial contractility (afterload mismatch). This seems unlikely because (i) most of the mice with the tighter PA constriction developed significant tricuspid regurgitation and dilation of the inferior vena cava, which should tend to augment the EF due to the low-impedance backward leak, and (ii) studies in the cat subjected to RV overload have demonstrated contractile abnormalities at the isolated muscle level (14) . Further studies are needed to confirm myocardial failure in this model of RV overload, using isolated muscle strips obtained from PA-banded mouse hearts.
Whether tricuspid regurgitation in the severe stenosis group actually contributed to the RV dilation is not known. It is possible that the hemodynamic effect on the RV was one of combined pressure and volume overload which resulted in ventricular dilation and pump failure. Finally, since wall stress is elevated in this model, it is possible that RV ischemia may have contributed to the ventricular dysfunction.
Genetic Markers of Ventricular Dysfunction. Studies of chronically dilated ventricles showing normal sarcomere lengths (15) and reduced contractile velocity (14) suggest an intrinsic abnormality of the contractile apparatus which, in part, may be related to alterations in myofilament Ca2+ availability and/or myofilament sensitivity to activator Ca2+ (16) . Considerable attention has been devoted to the role of intracellular Ca2+ regulation and excitation-contraction coupling in heart failure. Studies in experimental and human end-stage heart failure have shown prolonged and abnormal intracellular Ca2+ transients recorded from aequorin-loaded muscle strips (2). These results, together with perturbations in excitation-contraction coupling as measured by a reduction in tension-independent heat (17) , suggest that reduced Ca2+ release and removal are possible mechanisms to explain the defect in the failing myocardium. Recent (18), phospholamban (18, 19) , and the Ca2+-release channel (ryanodine receptor) (18) mRNAs, suggesting that transcriptional regulation of SR-related gene expression is altered in the failing human heart. However, in isolated SR vesicles from human failing myocardium no difference in Ca2+ uptake rates and phospholambanmediated stimulation ofCa2+ uptake was observed compared with control hearts (20) .
Accordingly, we examined alterations in genetic markers that are hallmarks of cardiac hypertrophy and failure in the clinical setting (21) . As assessed by Northern blotting, a significant induction of ANF mRNA in the right ventricle occurred after PA banding. This was seen in ventricles subjected to either moderate or severe PA stenosis (Fig. 3) . Phospholamban mRNA and protein were significantly decreased in both groups and appeared to follow a pattern of graded down-regulation, with the lowest levels of phospholamban protein seen with the greatest hemodynamic overload (Figs. 3 and 4) . Although there was a downward trend, no statistically significant change in the level of SR Ca2+-ATPase mRNA was detected in the RV after PA banding with either level of hemodynamic overload (Fig. 3) . However, quantitative immunoblotting (Fig. 4) (Fig. 3) .
Phospholamban is a pentameric phosphoprotein composed of five 52-aa monomeric subunits that acts as a regulator of SR Ca2+-ATPase activity (22) . Phosphorylation of phospholamban by cAMP-dependent protein kinase with 3-adrenergic stimulation results in enhanced Ca2+ uptake through disinhibition of the Ca2+ pump (23, 24 mRNA was observed in a rat model of severe cardiac decompensation induced through aortic banding (25) . Whether the protein levels of phospholamban and SR Ca2+-ATPase were also decreased in those studies is not known.
Although clearly speculative, the possibility exists that the down-regulation ofphospholamban may serve as an adaptive mechanism in the early phase of heart failure by disinhibition of the Ca2+ pump with enhanced uptake of Ca2+ into the SR. Thus, phosphorylation of phospholamban through heightened sustained sympathetic activity in early heart failure may enhance Ca2+ pump activity (23, 24) and accompanying down-regulation of phospholamban may provide further disinhibition of the Ca2+ pump which might serve to reduce elevated cytosolic Ca2+ levels. It is not clear whether SR Ca2+-ATPase gene expression is significantly downregulated in this PA-banding model, since only the protein level was reduced and posttranslational effects cannot be excluded; it is also possible that the depression of myocardial contractility is less severe in this model than in the other experimental and human studies.
Summary. The present study describes a reproducible murine model system which will allow the implementation of genetic approaches to critically examine the pathways which lead to the onset of ventricular dysfunction in vivo. In addition, a method employing quantitative digital microangiography has been developed to assess in vivo murine
